The Tisza River is the largest tributary of the Danube in Central Europe, and has been subjected to various human interventions including cutoffs to increase the slope, construction of levees to restrict the floodplain, and construction of groynes and revetments to stabilize the channel. These interventions have altered the natural morphological evolution of the river. The aim of the study is to assess the impacts of these engineering works, employing hydrological surveys of 36 cross sections
INTRODUCTION
Rivers have been altered by human impacts for centuries for economic benefits (flood protection, improvement of shipping routes, energy production, water withdrawal etc.). It is important to understand the consequences of these interventions, since such hydro-morphological and ecological information are crucial to any sustainable future river engineering (Hooke, 1995) . The sediment load and its characteristics reflect the overlapped effects of all environmental subsystems of the river's catchment (Fryirs and Brierly, 2001; Fryirs et al., 2007 Fryirs et al., , 2008 . If, any of these subsystems change, it should be reflected in the sediment transport, thus in the channel forms of a river (Chruch, 2006; Anderson and Anderson, 2010; Hassanzadeh, 2012) . Therefore, alluvial channel morphology is the result of the interactions between channel-bed topography, flow field and sediment movement (van der Berg, 1995; Ferguson, 2010; Latapie et al., 2014; Leigleiter, 2014; Powell, 2014) .
Although rivers are natural transporters and exporters of sediments, usually direct human activities on the channel adversely affect this capacity (Yang et al. 2014) . The different human impacts have increasingly reduced the amount of transported sediments, as usually they trap or dredge the sediments i.e. by channel straightening, embanking, widening, removal of riparian vegetation and urbanization (Osei et al. 2015) . When these artificial modifications aim to change the channel itself, they are defined as direct human impacts, and include channelization, widening, bank protection, mining and removal of riparian vegetation (Brierly and Fryirs, 2005) . On the other hand, when the interventions are not carried out directly on the river but involve the modification of the subsystems within the catchment, and they affect the flow and sediment transfer regime of a river, they are termed as indirect human impacts (e.g. deforestation, land use changes, mining activities and urbanization). These indirect impacts are characterized by spatial and temporal lags of varying intensities. The consequences of these human interventions have been well described on various rivers in the world (Rinaldi and Simon, 1998; Surian, 1999; Liébault and Piegay, 2001; Kondolf et al., 2002; Xu, 2002; Rinaldi, 2003; Yates et al., 2003; Antonelli et al., 2004; Harmar et al., 2005; Pinter and Heine, 2005; Chang, 2008; Kroes and Kraemer, 2013; Kiss and Balogh, 2015; Morais et al., 2016; Nagy and Kiss, 2016) .
The riverbeds are quite sensitive to any modification of discharge and sediment supply within the catchment. While the diversion and/or extraction of water from the channel induce aggradation, constructions (e.g. levees and embankments) increase flow velocity and induce scouring (Landon et al., 1998; Gregory, 2006; Huang et al., 2014) . Most European rivers flowed in wide braided channels in the 19 th century. However, the 20 th century ushered in various forms of human interventions and the concomitant decrease in sediment supply to the channels, therefore most rivers started to narrow and incise (Liébault and Piegay, 2002; Rinaldi, 2003; Surian and Rinaldi, 2003; Lié-bault et al., 2005; Rinaldi et al., 2005; Wyżga, 2007) .
In the Carpathian Basin, diverse direct and indirect human impacts altered the morphology of the Tisza River, which is the second largest river of Hungary. In the 21 st century rising flood water levels were recorded on the Tisza River. It could be explained by the catchment-scale runoff increase due to forest clearance, rough grazing, land-use changes, and probably increasing mining and quarrying activities on the catchment (Schweitzer, 2009) . Besides these decadal and centurial catchment-scale indirect human impacts, engineering alteration of the channel itself was also responsible for the increasing flood levels. The primary aim of the works was to protect towns and villages, infrastructure and agricultural lands from floods and to support shipping. Therefore, in the late 19 th century a system of artificial levees along the Tisza River and tributaries were built, meanders were cut off, new artificial channels were made, and swampy areas were drained by creating drainage canals (Schweitzer, 2009 ). The superimposed effects of these indirect and direct human impacts had changed the hydrology and morphology of the river.
Although studies have been made to ascertain the impacts of these regulation works, only a short reach of the Tisza River was studied in detail and covered various elements of the channel (Sipos et al., 2007; Kiss et al., 2008) . With this study, our goal is to assess the impact of artificial cut-offs and revetment constructions on the depth conditions of the entire Lower Tisza River (ca. 90 km long) channel, highlighting thalweg depth changes between 1891 and 1999.
STUDY AREA
The Tisza River (catchment area: 157200 km 2 , length: 962 km; Lászlóffy, 1982) is the main tributary of the Danube in Hungary. With its source in the North-eastern Carpathian Mountains, it drains the eastern part of the Carpathian Basin flowing through the Great Hungarian Plain. The Hungarian section of the Tisza (L: 596 km, A: 47000km
2 ) is divided into three sections. The studied Lower Tisza River (Fig. 1 ) stretches from upstream of Csongrád (255 f.km) to the HungarianSerbian border (166 f.km). Based on the degree of human impact and the morphological characteristics, the section was divided into three reaches (Table 1) .
Along the Lower Tisza the pre-regulation slope (2.2 cm/km) was increased to 2.9 cm/km by artificial cut-offs. The Maros River, which is the major tributary of the Tisza, has a high-slope (13 cm/km) in its lowland section, thus downstream of their confluence at Szeged the slope of the Tisza increases to 6 cm/km (Kiss et al., 2008; Mezősi, 2009 ). The Tisza in Hungary has a typical lowland river character, as it transports large amount of fine grained sandy and silty suspended sediment and it has a clayey bed material (Lászlóffy, 1982; Mezősi, 2009; Kasse et al., 2010) . Fig. 1 The studied Tisza section was divided into three reaches based on the morphology of the channel. The studied crosssections (1-upper reach; 2-middle reach; 3-lower reach) and cut-offs are also indicated. Lóczy et al., 2009; Kiss, 2014) .
Regulation Works
The late 19 th century marked the beginning of catchmentscale engineering interventions on the Tisza River. They involved the disconnection of the Tisza from its wetlands by construction of levees. The flood control levee-system is 2940 km long, and the originally 27000 km 2 large natural floodplain (which was about a third of the territory of Hungary) was reduced to 21251 km 2 . The aim of artificial levee constructions was to protect the land from inundations and to provide safe areas for agriculture, and to decrease the duration of floods (Szlávik, 2000; Pinke, 2014) . Simultaneously, the river was shortened by 38% with 114 meander cut-offs (Dunka et al, 1996; Schweitzer, 2009) . As a result of cut-offs, the meandering equilibrium river was transformed into an in-growing meandering one, as its slope almost doubled (Kiss, 2014) . The cut-offs accelerated the erosion of the river bed, thus the sediment load increased, which resulted in accelerated deposition on the confined active floodplains (Kiss et al., 2011) .
The regulation works in the 20 th century continued by the construction of revetments and groynes. Revetments were built to stop the lateral erosion of bends which migrated too close to levees, whilst the groynes facilitated shipping by tightening wide sections and to train sharp bends in order to improve the flood conductivity of the river channel. In total 44% of the banks of the Tisza River were stabilized, mainly between the 1930s and 1960s. However, it started in 1886, whilst the latest was built in 2016.
The second half of the 20 th century was the period of dam constructions on Tisza and its tributaries. On the Tisza, three dams (which operate as locks) were built at Tiszalök (1957) and Kisköre (1973) in Hungary, and Tö-rökbecse/Novi Becsej (1976) in Serbia (Bezdán, 2010) . The locks were built to impound the water during low stages, thus water withdrawal for irrigation could be secured, but they also produce hydropower and aid navigation. Although they are opened during floods, the retention of sediments by the dam creates temporal sediment deficit downstream which induces incision (Kiss et al., 2008; Lóczy et al., 2009) .
Along the Lower Tisza channel regulations started in 1855, shortening the originally 131 km long studied river section by 30 km, cutting off 12 meanders. The originally 6-8 km wide natural floodplain was reduced to 1 km in average. At Szeged however, the floodplain is just 400 m wide. The levees constricted the floodplain at some sections, thereby reducing its flood conductivity and increasing the flood risk. Therefore, the height of levees was increased too: originally they were just 2.3-3.0 m high, but nowadays their height is 7.0 m, thus they could provide safety despite of the increasing flood levels (Sipos et al., 2007; Kiss et al., 2008; Lóczy et al., 2009; Schweitzer, 2009 ). In the Lower Tisza 51.4% of the banks are protected by revetments, but their spatial distribution is not even, as it is indicated by the different revetment density of the studied reaches (Table 1) .
MATERIALS AND METHODS
To understand the channel depth changes caused by direct human impacts, the maximum and mean depths along cross-sectional profiles were measured and analyzed. The study employed a dataset of hydrological surveys made in 1891, 1931, 1961, 1976 and 1999 . The Hydrological Atlas of the Lower Tisza (1974) provided the locations of the surveyed cross-sections and it also showed the bank lines of the river at different dates. The channel surveys were undertaken using fixed geodetic survey points (VO-stones) at approximate spacing of 2.5 km. These VO-stones allowed subsequent surveys at the same cross-sectional profiles at different times. Along a profile the channel depth was measured at 5 m intervals. In the present study relative depths were calculated from the bankfull level, which was determined as lowest point of the bank line (Fig. 2) . Based on the cross-sectional profiles the maximum (thalweg) depth and the mean depth for every cross-section were determined. The maximum depth refers to the location of the thalweg. The mean depth was calculated as the arithmetic mean of all depth data of a cross-section. Fig. 2 The depth values were measured from the bankfull level of a cross-section
The spatial data of cut-offs and revetments were provided by Hungarian Lower Tisza Water Directorate. In the study bends and meanders were distinguished, based on Laczay's classification (Laczay, 1982) . The sinuosity of segments was calculated between two inflection points, as the ratio of bend length and chord length (Fig 3) . If the sinuosity value was below 1.1, the segment was classified as a bend, if it was above 1.1 the segment was considered to be a meander. Fig. 3 Determination of inflection points, bend length and chord length along the segments of the river
RESULTS AND DISCUSSION
The presented results include the changes in characteristic depths of the study section, the spatio-temporal variation of the thalweg, and its relative position to the nearest bank. The influence of the various human interventions was also evaluated by comparing the thalweg depth of channel segments influenced by direct and indirect human impact. A general overview of the studied 36 cross-sections (Fig. 4) indicates that 64% of them are located in slightly sinuous bends, whilst the remaining 36% are situated in meanders. Also, ca. two-third of the cross-sections was under some kind of direct human influence, and only onethird (13) of them is free from direct engineering works, indicating heavy anthropogenic impact on the Lower Tisza River. The cross-sections free from any direct regu
Changes in mean depth of the channel
The mean channel depth gives an indication of the general bed level change of a cross-section, and thus of the studied segments and reaches. The yearly mean depth changes representative for the entire studied Lower Tisza, indicate incision for all periods (1891-1931: 1.4 cm/y; 1931-1961: 1.2 cm/y; 1961-1976: 0.6 cm/y; and 1976-1999: 1.6 cm/y). The intensive incision of the channel in the first period could be explained by the effect of the cut-offs. The incision continued in the next period too, though the incision rate reduced by 14%, and this reduction further continued but in a greater extent (50%) between 1961 and 1976. This general reduction in the mean depth of the whole section can be attributed to the gradual evolution of the channel after the first phase of the regulation works towards an equilibrium state. However, in the last period ) the channel experienced its highest yearly incision rate. This could be explained by the construction of the revetments which restricted the lateral erosion of the river. This meant the channel could undergo incision readily which resulted in higher incision rate by 1.5 times.
A more detailed analysis of the changes of the mean depth along the studied section (Fig. 5) shows that the location of the greatest incision rates changed by time. While between 1891 and 1931 the greatest incision (12 cm/y) appeared on the upper reach (VO 200), in the next period between 1931 and 1961, it was in the lower reach (10.5 cm/y, VO 225). Between 1961 and 1976, it was measured in the upper reach (14.1 cm/y, VO 207), and finally the incision rate was 9.5 cm/y between 1976 and 1999 which occurred in the middle reach (VO 214). The VO 200 probably incised in response to cut-offs since it is located within an artificial channel, however the remaining sections were all located within meanders. Although most cross-sections referred to incision, some cross-sections had higher incision rates. The period 1976-1999 had its highest aggradation (15.9 cm/y) in the middle reach. The highest rates of aggradation for all the other periods (1891-1931: 8.7 cm/y; 1931-1961: 6.9 cm/y; and 1961-1976: 12.8 cm/y) occurred in the lower reach.
The ratio of the mean depth to the thalweg depth along the studied section of the river (Fig. 6 ) was also calculated, as it refers to the difference between the mean Fig. 4 The studied cross-sections are located in meanders or bends, and various human interventions affected most of their development Centurial changes in the depth conditions of a regulated river… 45 depth and the thalweg depth: smaller value indicates a greater difference between the thalweg depth and mean depth. The ratio of mean and thalweg depths generally decrease from upstream to downstream (0.70 for upper reach; 0.69 for middle reach; and 0.67 for lower reach), referring to a more even channel bottom towards downstream. However, considering the temporal changes, it is interesting, that the ratio generally increases, referring to more intensive incision of the thalweg itself, than of the bottom of the whole channel.
Changes in the depth of the thalweg
During the studied period the mean thalweg depth of the whole studied section increased from 12.2 m (1891) to 14.1 m (1999), thus by 15.5 %, representing an incision rate of 1.7 cm/y over a century and indicating a general thalweg incision (Fig. 7-9 ). However, the incision of the thalweg was not temporally an even process, as at the beginning (1891-1931) the mean thalweg depth increased by 1.2 m which represents an incision rate of 3 cm/y. This incision continued , although its rate became lower (1.3 cm/y). Finally, between 1961 and 1976 the thalweg was subjected to aggradation resulting in the reduction of the mean thalweg depth by 0.3 m (aggradation rate: 2 cm/y). This virtually negated the incision of the previous period. Between 1976 and 1999 the thalweg again experienced incision (2.3 cm/y). These changes could be explained by the human impacts on the studied section: the cut-offs which shortened the channel length caused an increase in bed slope, which resulted in stream power increase. The initial high incision rate could be attributed to the quest of the river to re-establish its equilibrium after the cut-offs.
Fig. 5
Changes in mean depth: the mean depth at the beginning of a period between two surveys indicated by blue line; and the yearly change in mean depth in between survey years is indicated by red columns Fig. 6 The variation of the ratio of the mean depth to thalweg along the studied section As the channel gradually developed towards quasi-equilibrium, the incision reduced , and the channel evolution process culminated in aggradation (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) , similarly to the stages of the channel evolution model of Simon and Rinaldi (2006) . The effect of high floods in the late 20 th and early 21 st centuries was combined with the effects of revetment and groin constructions, therefore the thalweg started to incise, thus the evolution model distorted. The range (i.e. the difference between the maximum and minimum thalweg depths) was up to 14.2 m in 1891. An increasing minimum thalweg depth and a decreasing maximum thalweg depth caused a reduction in the range until 1961. Afterwards this trend reversed, thus the range increased (1999: 12 m) was still short of the 1891 value. This reduction in ranges points to the development of a uniform channel, implying that although the channel was progressing to equilibrium after the cut-offs, the construction of the revetments and groynes initiated another cycle of dis-equilibrium. Fig. 8 Variation of thalweg depth along the studied section for various survey years
The spatio-temporal changes of the thalweg were studied comparing the three reaches of the Lower Tisza. The upper and middle reaches show significant changes in thalweg depth, while in the lower reach the thalweg remained relatively stable (Fig. 8) . This could be explained by (i) the ponding effect of the Danube and Maros Rivers on the Tisza (Vágás, 1982) and by (ii) the artificially more stabilized and straightened lower reach. The areas of maximum incision along the channel occur mainly downstream of the cut-offs. This means the scouring action of the increased Fig. 9 Changes in thalweg depth: the thalweg depth at the beginning of a period between two surveys is indicated by red line, and the yearly change in thalweg depth in between survey years is indicated by blue columns Centurial changes in the depth conditions of a regulated river… 47 stream power was more pronounced at the end of the artificial segments (cut-offs) of the river channel. The location of the thalweg within the cross-sectional profile was studied in detail too: the greater the ratio between the location of the thalweg to the closest bank and the channel width, the farthest is the thalweg to the banks (Fig  10) . Considering the whole, ca. 100 year-long period, it seems that the thalweg migrated closer to the banks in the upper reach, whilst the changes within the middle reach are smaller, and in the lower reach the thalweg migrated away from the bank. The trends also show that the location of the thalweg had the greatest range of variations in the upper reach, referring to frequent thalweg changes: in some crosssectional profiles the thalweg shifted almost across half of the channel width. Although along the middle reach at some cross-sections the thalweg shifts were very small, in general the lower reach had the narrowest range. This implies the lower reach was more stable compared to the middle and upper reaches, although there were some very stable locations within the middle reach. Fig. 10 Variation of the thalweg location relative to the whole cross-section width (the shaded area refers to the range of changes in the position of the thalweg)
The mean thalweg depth values of the upper reach were generally lower than the whole section, and the deepest thalweg depth was characteristic of the lower reach. The incision of the thalweg depth of the three different reaches (Fig. 11 ) during the whole period reflects an increasing trend towards downstream, as the mean depth of the thalweg increased by 1.3 m (1.2 cm/y) in the upper reach, by 1.7 m (1.6 cm/y) in the middle and 2.5 m (2.3 cm/y) in the lower reach.
Effect of human impacts on the evolution of the thalweg depth
To evaluate the role of engineering works on channel evolution, the channel segments not affected directly by cutoffs and revetments were compared to segments created by cut-offs and affected by revetments.
Effect of cut-offs
At the beginning, the mean thalweg depth in non cut-off segments was 11.7 m, while it was 13.7 m in artificial segments (Fig. 12) . The higher mean thalweg depth in the artificial segments could be attributed to the initial scouring induced by the artificial channels of the cut-offs. However, by 1999, the mean thalweg depth in the non cut-off segments had increased by 21% to 14.2 m (2.3 cm/y), while in case of artificial segments almost zero net change was recorded. With the exception of 1961-1976 when the channel experienced a general aggradation, there was consistent incision of the mean thalweg depth within the non cut-off segments. In the artificial segments, although there was no net change between 1891 and 1999, there was a depth increase of 0.9 m from 1891 to 1931 (2.2 cm/y), which was followed by a consistent reduction of mean thalweg depth (1931-1961: 1.3 cm/y; 1961-1976: 2 cm/y and 1976-1999: 0 .9 cm/y). The incision within the non-cut-off segments are partly due to the construction of revetments (80% of revetments built in segments which were not created by cut-offs) which restricted the lateral erosion within the channel, and therefore increased Fig. 12 Comparison of mean thalweg depths for cross-sections within segments affected and not affected by cut-offs, including the range (maximum-minimum) of thalweg depths Fig. 11 Variations in thalweg depth values within the various reaches scouring of the channel bed to complement the sediment deficiency. Another important factor is the location of a cross-section within a meander or bend. For an alluvial channel, due to the asymmetric nature of cross-sections in meanders, thalweg depths are generally deeper in meanders than in bends or straight segments (Dey, 2014) . This statement is also valid for the Lower Tisza (Fig. 13) , as the mean thalweg depth of meandering segments is deeper by 3 m than of the non-meandering segments. Within the studied section, more than 90% of the meanders are located in the non-cut-off segments which contributed to its depth increments. However, the relatively narrower widths of the artificial channels also meant that the channel had the tendency to scour with the initially high stream power.
Fig. 13
Comparison of mean thalweg depths for cross-sections within meanders and bends, including the range (maximum-minimum) of thalweg depths
The mean thalweg depth within the reaches followed similar trends as of the entire section for both the non cut-off and cut-off segments (Fig. 14-15 ) although the magnitude in the depth changes was different. For the non cut-off segments, the upper reach had the least mean depths, and the lower reach had the highest magnitudes in mean thalweg depth. In case of artificial segments, decreasing temporal trends were found in the upper and middle reaches. However, in the lower reach, there was an increasing trend in mean thalweg depth values. Another important observation is the relatively larger ranges in the non cut-off segments compared with the artificial segments.
Effect of revetments and groynes
When evaluating the effects of revetments and groynes in the development of the thalweg depth, it should not be forgotten, that only the combined effect of revetments, groynes and cut-offs could be studied, as they are located very close to each other, and also temporally the responses of the river on these interventions overlap. The comparison of segments without any direct human impact to the artificially altered ones reflect very similar the trends, although the segments with human impacts tend to have smaller ranges (Fig. 16) . This is understandable due to the fact that they were artificially created, therefore more evenly engineered than the natural development of the nonaffected channel segments. This creates more uniformity within the artificial segments compared to the natural channel segments. Focusing on the reaches, the three reaches do not exhibit similar patterns (Fig. 17-18 ). The absence of clear trends shows the deficiency of generalization to responses of human impacts by rivers in some cases. Fig. 16 Comparison of cross-sections with and without direct human impacts
CONCLUSION
The study analyzed the changes in mean depth and thalweg depth of the Lower Tisza River from 1891 to 1999, focusing on the role of direct human impacts (mainly regulation works) in their evolution. Simon and Rinaldi (2006) indicated that degradation of channel beds represents a response to a disturbance in which an excess of flow energy, shear stress or stream power (sediment-transporting capacity) occurs relative to the amount of sediment supplied to the stream.
The results indicate that between 1891 and 1999, the mean depth of the channel increased as a response to human interventions and this is trend is similar to the response of rivers in Italy to various interventions with some incising by up to 10 m (Surian and Rinaldi, 2003) . Using the periods in between the surveys as reference periods, the highest rate of incision occurred immediately after human interventions, similarly to European and North American rivers, which also showed considerable adjustments immediately after human interventions (Smith and Winkley, 1996; Surian and Rinaldi, 2003) . As a fluvial response on midand late-19 th century cut-offs the incision accelerated in the period of 1891-1931, whilst the revetment and groynes constructions of the 1930-1960s increased further the channel depth between 1976 and 1999.
The evolution of the thalweg depth shows that in the periods of 1891-1931, 1931-1961 and 1976-1999 , the channel experienced incision while during 1961 -1976 it was characterized by aggradation. It marks the attainment of equilibrium before the river readjusted to the construction of revetments. The mean thalweg depths in the upper reach were lower than the mean for the entire section with the highest values referring to the lower reach. The mean depth of the thalweg generally increased from upstream to downstream.
